Electronic doping and screening effects in stacked graphene flakes on Ru and Cu substrates have been observed using scanning tunneling microscopy (STM). The screening affects the apparent STM height of each flake in successive layers reflecting the density of states near the Fermi level and thus the doping level. It is revealed in this way that the strong doping of the first graphene layer on Ru(0001) is attenuated in the second one, and almost eliminated in the third and fourth layers. Similar effect is also observed in graphene flakes on Cu(111). In contrast, the strong doping effect is suppressed immediately by a water layer intercalated between the graphene and Ru. Graphene, a single atomic layer of carbon atoms bonded in a hexagonal lattice, has recently attracted considerable attention due to its remarkable properties and potential applications in many fields such as nanoelectronics.
(Received 8 November 2012; accepted 22 January 2013; published online 6 February 2013) Electronic doping and screening effects in stacked graphene flakes on Ru and Cu substrates have been observed using scanning tunneling microscopy (STM). The screening affects the apparent STM height of each flake in successive layers reflecting the density of states near the Fermi level and thus the doping level. It is revealed in this way that the strong doping of the first graphene layer on Ru(0001) is attenuated in the second one, and almost eliminated in the third and fourth layers. Similar effect is also observed in graphene flakes on Cu(111). In contrast, the strong doping effect is suppressed immediately by a water layer intercalated between the graphene and Ru. Graphene, a single atomic layer of carbon atoms bonded in a hexagonal lattice, has recently attracted considerable attention due to its remarkable properties and potential applications in many fields such as nanoelectronics.
1 Controlled synthesis of large-area graphene is required for realizing the applications, and epitaxial growth of graphene on metal substrates (such as Ru, Ni, and Cu) has been demonstrated as a promising route. [2] [3] [4] [5] [6] The metal substrates interact with epitaxial graphene to various degrees, resulting in electronic doping effect in the graphene. 7, 8 On the other hand, metal contacts are normally involved in graphene-based devices, which will affect the electrostatic potential and thus electrical transport in the graphene. 9, 10 Understanding the impact of metal contacts is, therefore, very crucial for tuning graphene-metal interaction and graphene device engineering.
Electronic screening in multilayer graphene has been employed to suppress the impact of metal substrate, 11 and several approaches have been used to investigate the interlayer screening effects, including angle-resolved photoemission spectroscopy (ARPES), 12 scanning probe microscopy (SPM), [13] [14] [15] [16] [17] optical pump-probe spectroscopy, 18 and theoretical calculations. [19] [20] [21] The screening length has been measured ranging from less than a single layer to several layers, depending on the experimental conditions and methods, 21 which calls for more research. Since scanning tunneling microscopy (STM) probes directly the local density of states (LDOS) of a surface, it can provide precise information correlating the topography and electronic structure. Here, we report a STM study on the electronic doping of graphene by Ru and Cu substrates that were used to grow it, and its screening as a function of the number of graphene layers. These two metal substrates, which have been extensively explored for epitaxial growth of graphene, 3, 6 have very different interactions with the overlying graphene layer, strong in Ru and weak in Cu.
The experiments were performed using a homebuilt, low-temperature ultrahigh vacuum (UHV) STM operated at a base pressure below 3 Â 10 À11 Torr. 22 Details of the experiments have been described in a previous paper. 23 Briefly, epitaxial graphene was grown by exposing the Ru(0001) and Cu(111) samples to ethylene at 1230 K and 1273 K, respectively. The samples were then cooled down and transferred to the STM stage located in a connected UHV chamber. The produced graphene film contains line defects such as dislocations and grain boundaries in some areas. We found that after the adsorption of submonolayer amounts of water, the graphene film on Ru(0001) was split along line defects due to the catalytic effect of the underlying Ru metal and the enhanced reactivity of the defects (see details in our previous paper, Ref . 23) . Some of the resulting graphene fragments were detached from the Ru substrate due to water intercalation and were displaced to other areas. As shown in Ref. 24 , the graphene flakes that moved on top of the first graphene layer were found to slide easily during STM imaging, leading to the formation of graphene flake stacks. Similar phenomenon occurs on Cu(111), but much less commonly. 23 Here, we study the electronic properties of the stacked graphene flakes on Ru and Cu substrates. All STM images presented in the paper were acquired at 77 K. Figure 1 shows STM images of different graphene flake stackings on top of the graphene/Ru(0001) substrate. The graphene film exhibits a Moir e pattern with a periodicity of about 3 nm due to the lattice mismatch between the graphene and Ru substrate. 2 The atomic resolution image in the inset of Fig. 1 (a) reveals a C(12 Â 12)ÀRu(11 Â 11) 2 or C(25 Â 25) ÀRu(23 Â 23) 25 superstructure. The observed corrugation originates primarily from a geometric buckling of the graphene overlayer. 26 Figure 1(a) shows a STM image of a flake sitting on top of the first graphene layer, in perfect registry with it, as revealed by their atomic lattice orientations. 24 Such conformation is the most energetically favorable. A height profile along the traced line indicates an apparent height of 1.8 6 0.1 Å for the flake. Interestingly, this height is much smaller than the graphite interlayer distance ($3.34 Å ). Images obtained with different negative sample bias voltages show similar heights for the second-layer flake, such as the one presented in Fig. 1(b) . At positive sample bias voltages, however, the measured apparent height changes with bias (to be discussed later), so all the images presented here were acquired with negative sample bias. A bilayer stacking of flakes is also observed [ Fig. 1(c) ], which shows a total apparent height of 4.5 Å , giving rise to a height of 2.7 6 0.1 Å for the third layer alone. A total height of 7.8 Å is measured for a trilayer stacking [ Fig. 1(d) ], thus a height of 3.3 6 0.1 Å for the fourth layer, which is very close to the interlayer distance in bulk graphite.
To understand the varying apparent height of each successive graphene layer [see Fig. 2(a) ], we must take into account the STM imaging mechanism, which originates from quantum tunneling effect. The tunneling current (I) is a function of applied bias voltage (V), tip-sample distance (d), and the LDOS of the sample (q s ). At small bias voltage, the tunneling current can be approximated by
where q s (E F ) is the LDOS near the Fermi level of the sample, / is the height of the tunneling barrier, and A is a constant ($1.025 for / in eV and d in Å ). 27 For constant current mode, given the same bias voltage and tunneling current, the tip will adjust the tip-sample distance to accommodate the variation of LDOS in the sample. Thus, the STM height reflects the LDOS of the surface. Considering two areas with different LDOS near the Fermi level (q 1 and q 2 ) and tipsample distances (d 1 and d 2 , respectively), we will have the following equation:
Thus, the ratio of the LDOS between two areas can be derived from the tip-sample distance
where we assume a similar tunneling barrier height for two areas.
As theoretical calculations found an interlayer distance of 3.2 Å for bilayer graphene on Ru(0001), 28 
where h, m, and z are reduced Plank's constant, electron mass, and tip position, respectively. We obtained a barrier of 3.6 eV from our I-z measurements, consistent with a previous study. 29 Using this value, the ratio of the LDOS between the first and second graphene layers is estimated to be $15 using Eq. (3). Similarly, the third layer presents an apparent height of 2.7 6 0.1 Å , about 0.6 Å smaller than the graphite interlayer distance, giving rise to a ratio of $3 between the LDOS of the second and third layers. The apparent height of the fourth layer is almost equal to the graphite interlayer distance ($3.3 Å ), indicating that the LDOS of the third and fourth layers is almost the same. Therefore, the ratio of the LDOS near the Fermi level for four successive graphene layers is estimated to be q 1 : q 2 : q 3 : q 4 ¼ 45 : 3 : 1 : 1.
The density of states around the Dirac point in graphene can be approximated by qðEÞ / jE À E D j, 30 where E D is the energy level of the Dirac point. Thus, we can deduce the doping level of each graphene layer (the shift of the Fermi level relative to the Dirac point) from the LDOS ratios. Given that the electronic states of the first graphene layer on Ru are shifted down by about 1 eV, 31 we can thereby calculate the doping levels of other layers, which are schematically plotted in Fig. 2(b) . It is also found that the interlayer screening of graphene is highly nonlinear. 21 While the first layer is strongly doped by the Ru substrate, the second layer suppresses the doping by a factor of 15, the third layer screens it by another 3 times, and by the fourth layer the screening effect is already saturated. It is important to point out that we investigated the electronic screening with negative sample bias voltages, as in this case the apparent height is determined by ratio of LDOS near the Fermi level between two graphene layers (see Eq. (3)), thus reflecting the doping level and interlayer screening effect. At positive sample bias, however, electrons tunnel from the Fermi level of the tip to empty states of the sample, so the measured height is determined by the ratio of LDOS at that empty level of two graphene layers, which changes with bias. For that reason, positive sample bias was not used to study the electronic screening effect.
It is interesting to discuss on the results of previous STM studies of bilayer graphene on Ru(0001), which showed an apparent height of 3.2 Å for the second layer, 32, 33 different from our measurements here. In those studies, the bilayer graphene was grown by carbon segregation and the newly formed graphene layer grew buried underneath the previously formed one. In this manner, the top layer remains continuous. Consequently, when the tip scans over the monolayer and bilayer regions, the probed LDOS is always that of the top layer. As a result, the observed 3.2 Å height indicates that the LDOS is uniform in the continuous top layer, no matter whether there is another layer buried below it or not. Distinct from such configuration, in our study the graphene flakes are independent from each other and reflect the electronic screening effect directly through the STM image contrast changes.
We also observed a similar doping and screening effect in graphene flakes on Cu. Figure 3(a) shows several flakes sitting on the first graphene layer on Cu(111) surface, 23 and the height profile along the traced line indicates an apparent height of 1.9 6 0.1 Å for the second layer [ Fig. 3(c) ]. Using similar analysis approach, we find that the LDOS of the first layer is about 15 times as large as that of the second layer, assuming again a geometric spacing of 3.3 Å . Given that the first graphene layer on Cu(111) is n-doped with Dirac point 0.3 eV shifted below the Fermi level, 34 the doping level of the second layer is estimated to correspond to E D % À20 meV (the Fermi level defined as zero). This screening behavior of graphene flakes on Cu is similar to that on Ru, indicative of a common screening strength.
One alternative way to modify the electronic interaction between graphene and metal substrate is to intercalate species such as oxygen and silicon, which has been investigated in Ru. [35] [36] [37] [38] In our recent study, we reported the facile intercalation of water underneath the graphene on Ru(0001), 23 and showed that the water film decouples the first layer from the substrate. This is presented in Fig. 4(a) , where part of a graphene area displays no Moir e pattern due to the water layer intercalated underneath. When a second flake sits on top of this decoupled graphene area, it shows an apparent height of 3.3 6 0.1 Å [Fig. 4(b) ], which is very close to its geometric spacing, indicating that the two graphene layers have a very similar LDOS near the Fermi level and approach charge neutrality. Therefore, the intercalated water layer effectively blocks the charge transfer from Ru to graphene and eliminates the doping effect. This result is consistent with recent studies of water films intercalated between graphene and mica, 39, 40 which suppresses effectively the interfacial charge transfer as well. In summary, we have studied the electronic screening effect in stacked graphene flakes on Ru and Cu substrates using STM. The apparent height of a graphene layer reflects its density of states near the Fermi level and the doping level, providing a simple method for studying the electronic screening in multilayer graphene system. In this way, we showed that the strong doping effect in the first graphene layer on Ru is weakened by 15 times in the second one, and almost eliminated in the third and fourth one. In contrast, the strong doping can be suppressed effectively by a water layer intercalated between the graphene and Ru, indicating that water or other molecules can be a potential dielectric material for graphene devices. 
